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Abstract 

Turkey coronavirus (TCoV) polyprotein was predicted to be 
cleaved into 15 non-structural proteins (nsp2 to nsp16), but 
none of these nsps have been characterized. TCoV nsp15 con¬ 
sists of 338 residues and shares 40% sequence similarity to 
U-specific Nidovirales endoribonudease (NendoU) of severe 
acute respiratory syndrome coronavirus. Objective :The pur¬ 
pose of the present study was to characterize TCoV nsp15. 
Methods: The TCoV nsp15 gene was cloned into pTriEXI and 
expressed as a C-terminal His-tagged recombinant protein in 
BL21 (DE3). The recombinant nsp15 was purified by Ni-NTA 
resin. Synthetic RNA substrates were used to determine the 
substratespecificityoftheTCoVnsp15.RNAzymography was 
used to determine the active form of the nsp15. Results:The 
TCoV nsp15 did not cleave DNA but degraded total cellular 
RNA. The TCoV nsp15 cleaved single-stranded (ss) RNA at the 
uridylate site. The TCoV nsp15 cleaved hairpin RNA, pRNA, 
and double-stranded RNA (dsRNA) of infectious bursal dis¬ 
ease virus very slowly, implying that dsRNA is not a good sub¬ 
strate for the TCoV nsp15. No divalent metal ion was required 
for in vitro enzymatic activity of the TCoV nsp15. The active 
form of the TCoV nsp15 was a homohexamer and disulfide 
bond was essential for the enzymatic activity. Conclusion: 
The TCoV nsp15 is a NendoU but has some characteristics dif¬ 
ferent from Other NendoU. Copyright © 2008 S. Karger AG, Basel 
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Introduction 

Coronavirus consists of a group of viruses infecting 
both humans and animals and causing mostly respira¬ 
tory disease [1]. The family Coronaviridae contains 
more than 10 coronaviruses which are classified into 
three groups based on their antigenic and phylogenetic 
relationships. Together with the families Arteriviridae 
and Roniviridae , Coronaviridae is classified as a mem¬ 
ber in the order Nidovirales [2]. The coronavirus is en¬ 
veloped and corona-like spikes or peplomers can be seen 
around the envelope when viewed under electron mi¬ 
croscopy. The core inside the envelope contains a single- 
stranded (ss), positive-sense genome RNA of 27-33 kb 
wrapped by nucleocapsid protein. The coronavirus RNA 
genome is the largest RNA genome among all known 
non-segmented RNA viruses and encodes more than 10 
AUG-containing open reading frames (ORF), each of 
which is expressed as an independent protein [3]. About 
two thirds of the genome at the 5' end encodes two 
ORFs, la and lb, which are translated to produce poly¬ 
proteins ppla and pplab, the latter being produced 
through a -1 frameshift translational mechanism [3-5]. 
Structural genes are located at the 3' end of the genome. 
One unique feature of coronaviruses is that they pro¬ 
duce a set of 5' and 3' co-terminal subgenomic mRNAs 
(sgRNA) for structure and accessory gene production. 
The mechanism for sgRNA production is currently un¬ 
der debate [6, 7]. 


Tsang Long Lin 

Department of Comparative Pathobiology, Purdue University 

406 S. University Street 

West Lafayette, IN 47907 (USA) 

Tel. +1 765 494 7927, Lax +1 765 494 9181, E-Mail tllin@purdue.edu 








Coronavirus polyprotein pplab is a large polypeptide. 
The C-terminal part of the pplab shares relatively high 
conservation among coronaviruses. Polyprotein pplab is 
processed into more than 15-16 non-structural proteins 
(nsps) by polyprotein-encoded 3-cystine-like proteinase 
(3CLpro) and papain-like proteinase (PLP). These nsps 
form replication complexes where coronavirus genome 
replication and transcription take place. Bioinformatics 
analysis predicted the existence of another six enzymes, 
including RNA-dependent RNA polymerase (RdRp), 
NTPase/helicase, exoribonuclease (ExoN), endoribonu- 
clease (endoRNAse), 2'-0-methyltransferase (2'-0-MT) 
and ADP-ribose-l'-phosphatase diesterase [8]. Among 
these enzymes, endoribonuclease has gained much at¬ 
tention since the discovery that the endoribonuclease ac¬ 
tivity of severe acute respiratory syndrome (SARS) nspl5 
is similar to that of Xenopus XendoU [9], which requires 
manganese as a cofactor to cleave uridylate-containing 
ssRNA [10, 11]. Due to the sequence conservation of 
SARS nspl5 within the order Nidovirales , U-specific Ni- 
dovirales endoribonuclease (NendoU) was engineered to 
refer to Nidovirales endoU to indicate its relation with 
XendoU [11]. The activity of recombinant NendoU has 
been identified for human coronavirus 229E (HCoV- 
229E) nspl5 [11], mouse hepatitis virus (MHV) A59 
nspl5 [12], and equine arteritis virus (EAV) nspll [13]. 
Unlike XendoU, which is a monomer that cleaves 
ssRNA, NendoU functions as a hexamer that cleaves 
both ss- and double-stranded (ds)-RNA [12, 14-16]. Re¬ 
verse genetics with point mutation revealed that NendoU 
might be involved in genome replication and sgRNA 
transcription, but its exact role requires further investi¬ 
gation [11, 13]. 

Turkey poult enteritis is caused by infection with tur¬ 
key coronavirus (TCoV) and is characterized by acute 
atrophic enteritis and reduced weight gain in turkeys [17]. 
Outbreaks of TCoV infection have resulted in significant 
economic loss in the US turkey industry [18, 19]. TCoV, 
along with infectious bronchitis virus (IBV) in chickens, 
is a group 3 coronavirus within the family Coronaviridae. 
The whole genome of TCoV is 27.7 kb and encodes 13 
ORFs [20]. Polyprotein mapping predicted the presence 
of 14 nsps for pplab in which nspl5 shared 40% sequence 
similarity with nspl5 of SARS-CoV and other coronavi¬ 
ruses and was predicted to be NendoU [20]. The objective 
of the present study was to further characterize the enzy¬ 
matic activity and substrate specificity of the TCoV 
nspl5. 


Materials and Methods 

Construction of Expression Plasmid 

Primers nspl5F (CTAGccatggcgTCTATTGATAATATT- 
GCT) and nspl5R (GCTAggtaccTTGAAGCTGTGGATAACA) 
were used to amplify TCoV nspl5 from cDNA of the TCoV 540 
strain. The underlined sequences are restriction sites used for 
cloning the gene into the expression vector pTriEXl.l (Novagen, 
Gibbstown, N.J., USA) to construct plasmid pTrinspl5 for the 
production of C-terminal His-tagged fusion protein. The PCR re¬ 
action consisted of 1X PCR buffer (Promega, Madison, Wise., 
USA), 200 [xM each of dNTPs, 200 nM of nspl5F and nspl5R, 2 pd 
of cDNA, and 2.5 p, of Taq polymerase in a final volume of 50 pd. 
PCR conditions were as follows: initial denaturation at 94° for 
3 min followed by 30 cycles of denaturation at 93° for 10 s, anneal¬ 
ing at 55° for 30 s, and extension at 72° for 1 min. A final extension 
at 72° for 10 min was included before the completion of the reac¬ 
tion. The PCR product was analyzed by agarose gel electrophore¬ 
sis and purified by Zymo DNA Clean & Concentrator-5 (Zymo 
Research, Orange, Calif., USA). Purified PCR product was digest¬ 
ed with Ncol and Kpnl overnight and purified again. 2 pd of puri¬ 
fied digestion products were cloned into pTriEXl.l, which was 
treated in the same way as for the nspl5 PCR product. The ligation 
reaction was carried out at 16° overnight, and 2 |xl of the reaction 
was transformed into TOP 10 chemically competent cells accord¬ 
ing to the vendors procedure (Invitrogen, Carlsbad, Calif., USA). 
Positive colonies were screened by PCR and enzyme digestion. 
Plasmid pTrinspl5 was isolated with QIAprep spin miniprep kit 
(Qiagen, Valencia, Calif., USA) and submitted for DNA sequenc¬ 
ing at the Genomic Core Facility, Purdue University. The plasmid 
was then transformed into BL21 (DE3) chemically competent 
cells for nspl5 expression. The predicted fusion nspl5 contained 
377 amino acids (aa) including 338 aa from nspl5. The predicted 
size of the recombinant nspl5 is 42.56 kDa. 

Protein Expression and Purification 

A single colony of BL21 (DE3) containing plasmid pTrinspl5 
was cultured overnight in 3 ml of 2 X YT medium containing 100 
p,g/ml ampicillin at 37°, 250 rpm. On the following day, the whole 
culture was inoculated into 100 ml of 2 X YT medium in the same 
conditions as the overnight culture. After growth for 3 h (OD 60 o 
between 0.5 and 0.8), IPTG was added to a final concentration of 
0.5 mM. Induction was continued for another 3 h. Cells were then 
harvested and nspl5 was purified using a Ni-NTA mini column 
according to manufacturer’s procedure (Novagen) with some 
modifications. Cells were lysed in cold lysis buffer (20 mM Tris- 
HC1, pH 7.5, 150 mM NaCl) containing 1 mM PMSF (Roche, In¬ 
dianapolis, Ind., USA) and 0.5% Triton X-100. Cell lysate was 
cleared for 30 min at 15,000 rpm QA25.5, Beckman) at 4°. Super¬ 
natant was transferred to a new tube and imidazole was added to 
a final concentration of 15 mM. The supernatant was passed 
through a Ni-NTA mini column pre-equilibrated with binding 
buffer (lysis buffer with 15 mM imidazole) and then washed with 
binding buffer containing 15 and 50 mM imidazole, respectively. 
nspl5 was eluted in binding buffer containing 400 mM imidazole 
and collected at 0.5 ml per tube. The concentration of collected 
protein was measured and the peak tubes were pooled. The pooled 
samples were concentrated and the buffer was changed to lysis 
buffer containing 50% glycerol. 
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IBV 

TCoV-540 
TCoV-ATCC 
MHV-A59 
SARS-CoV 
HCoV-22 9E 


10 20 30 40 50 60 

SIDNIAYNMYKGGHYDAIAGEMPTVITGDKVFVIDQGVEKAVFVNQTTLPTSVAFELYAK 
SIDNIAYNMYKGGHYDAIAGEMPTVITGDKVFVFDQGVEKAVFVNQTTLPTSVAFELYAK 
SIDNMAYNMYKGGHYDSIAGEMPTVITGDKVFVIDQGVKKAVFVNQTTLPTSVAFELYAK 
SLENVVYNLVNAGHFDGRAGELPCAVIGEKVIAKIQNEDVVVFKNNTPFPTNVAVELFAK 
SLENVAYNVVNKGHFDGHAGEAPVSIINNAVYTKVDGIDVEIFENKTTLPVNVAFELWAK 
GLENIAFNVVNKGSFVGADGELPVAISGDKVFVRDGNTDNLVFVNKTSLPTNIAFELFAK 


IBV 

TCoV-540 
TCoV-ATCC 
MHV-A59 
SARS-CoV 
HCoV-22 9E 


70 80 90 100 110 120 

RNIRTLPNNRILKGLGVDVTNGFVIWDYANQTPLYRNTVKVCAYTDI-EPNGLV 

RNIRTLPNNRILKGLGVDVTNGFVIWDYENQTPLYRNTVKVCAYTDI-EPNGLI 

RNIRTLPNNRILKGLGVDVTNGFVIWDYENQTPLYRNTVKVCAYTDI-EPNGLI 

RSIRPHPELKLFRNLNIDVCWSHVLWDYAKDSVFCSSTYKVCKYTDL-QCIESLN 

RNIKPVPEIKILNNLGVDIAANTVIWDYKREAPAHVSTIGVCTMTDIAKKPTESACSSLT 
RKVGLTPPLSILKNLGVVATYKFVLWDYEAERPLTSFTKSVCGYTDF-AEDVC 


IBV 

TCoV-540 
TCoV-ATCC 
MHV-A59 
SARS-CoV 
HCoV-22 9E 


130 140 150 160 170 180 

VLYDDRY-GDYQSFLAADNAVLVSTQCYKRYSYVEIPSNLLVQNGMPLKDGAN-LY 

VLYDDRY-GDYQAFLAADNAVLVSTQCYKRYSYVEISSNLLVQNGISLKDGAN-LY 

VLYDDRY-GDYQSFLAADNAVLVSTQCYKRYSYVEIPSNLLVQNGIPLKDGAN-LY 

VLFDGRDNGALEAFKKCRNGVYINTTKIKSLSMIKGPQRADLNGVVVEKVGDSDVEFWFA 
VLFDGRVEGQVDLFRNARNGVLITEGSVKGLTPSKGPAQASVNGVTL—IGES-VKTQFN 
TCYDNSIQGSYERFTLSTNAVLFSATAVK—TGGKSLPAIKLNFGMLNGNAIATVKSEDG 


IBV 

TCoV-540 
TCoV-ATCC 
MHV-A59 
SARS-CoV 
HCoV-22 9E 


190 200 210 220 230 240 

VYKRVNGAFVTLPN-TINTQGRSYETFEPR 

VYKRVNGAFVTLPN-TLNTQGRSYETFEPR 

VYKRVNGAFVTLPN-TLNTQGRSYETFEPR 

VRKDGDDVIFSRTGSLEPSHYRSPQGNPGGNRVGDLSGNEALARGTIFTQSRLLSSFTPR 

YFKKVDGII-QQLPE-TYFTQSRDLEDFKPR 

NIKNINWFVYVRKDGKPVDHYDG-FYTQGRNLQDFLPR 


IBV 

TCoV-540 
TCoV-ATCC 
MHV-A59 
SARS-CoV 
HCoV-22 9E 


250 260 270 280 290 300 

* | | * 

SDIERDFLAMSEESFVERYG-KDLGLQHILYGEVDKPQLGGLHTVIGMYRLLRANKLNAK 
SDVERDFLDMSEEDFVEKYG-KDLGLQHILYGEVDKPQLGGLHTVIGMYRLLRANKLNAK 
SDVERDFLDMSEEDFVEKYG-KDLGLQHILYGEVDKPQLGGLHTVLGMYRLLRAHKLNAK 
SEMEKDFMDLDDDVFIAKYSLQDYAFEHVVYGSFNQKIIGGLHLLIGLARRQQKSNLVIQ 
SQMETDFLELAMDEFIQRYKLEGYAFEHIVYGDFSHGQLGGLHLMIGLAKRSQDSPLKLE 
STMEEDFLNMDIGVFIQKYGLEDFNFEHVVYGDVSKTTLGGLHLLISQVRLSKMGILKAE 


IBV 

TCoV-540 
TCoV-ATCC 
MHV-A59 
SARS-CoV 
HCoV-22 9E 


310 320 330 340 350 360 

* | | * 

SVTNSDSDVMQNYFVL-SDNGSYKQVCTVVDLLLDDFLELLRNILKEYGTNKSKVVTVSI 

SVTNSDSDVMQNYFVV-ADNGSYKQVCTVVDLLLDDFLELLRSILKEYGTNKSKVVTVSI 

SVTNSDSDVMQNYFVS-SDMGSYKQVCTVVDLLLDDFLELLSSILKEYGTNKSKVVTVSI 

EFVTYDS-SIHSYFITDENSGSSKSVCTVIDLLLDDFVDIVKSLNL-KCVSKVVNVNV 

DFIPMDS-TVKNYFITDAQTGSSKCVCSVIDLLLDDFVEIIKSQDL-SVISKVVKVTI 

EFVAASDITLKCCTVTYLNDPSSKTVCTYMDLLLDDFVSVLKSLDL-TVVSKVHEVII 


IBV 

TCoV-540 
TCoV-ATCC 
MHV-A59 
SARS-CoV 
a HCoV-22 9E 


370 380 

DYHSINFMTWFEDGSIKTCYPQLQ 

DYHSINFMTWFEGGSIKTCYPQLQ 

DYHSINFMTWFEDGSIKTCYPQLQ 

DFKDFQFMLWCNEEKVMTFYPRLQ 

DYAEISFMLWCKDGHVETFYPKLQ 

DNKPWRWMLWCKDNAVATFYPQLQ 
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The purified nspl5 was aliquoted into 100 pi per tube and 
stored at -20° before use. Protein concentration was measured us¬ 
ing Bio-Rad’s reagent with BSA as the standard. SDS-PAGE and 
Western blotting with mouse anti-His mAh were used to confirm 
the purified nspl5. 

Enzymatic Activity Assay 

The standard enzymatic assay was as follow: 1X assay buffer 
(50 mM Tris-HCl, pH 7.5; 0.15 M NaCl; 0.1 M KC1; 5 mM Mn 2+ ) 
containing 1 p,mol RNA substrate and 100 ng of purified nspl5. 
The reaction was incubated at 37° for 30 min or as indicated. Af¬ 
ter incubation, the reaction was stopped by adding 2 X RNA load¬ 
ing buffer and heated for 3 min at 75°. The samples were chilled 
on ice immediately and separated on 1% agarose gel (for RNA 
substrates >100 bp) or 24% PAGE gel containing 6 M urea (for 
RNA oligo) to separate the RNA substrate from its products. 
To determine the effect of divalent metal ions on nspl5 activity, 
buffers were also prepared in the absence of Mn 2+ . Different di¬ 
valent ions were added to the buffer to give a final concentration 
of 5 mM. In the EDTA chelating assay, nspl5 was incubated in the 
1X assay buffer (without Mn 2+ ) containing different concentra¬ 
tions of EDTA for 10 min on ice, then RNA substrate was added, 
and the reaction was incubated for 30 min at 37°. About 1 p,g of 
infectious bursal disease virus (IBDV) dsRNA was incubated 
with 100 ng of the nspl5for different times and separated on 1.2% 
agarose gel without denaturation. The undigested dsRNA was 
quantified by densitometry. 


M Sup FL W1 W2 E M 



Fig. 1. a Amino acid sequence alignment of TCoV nspl5 with se¬ 
lected nspl5 sequences from other coronaviruses. * Denotes key 
residues associated with NendoU activity, b, c Expression of 
TCoV nspl5: b SDS-PAGE analysis of nspl5 purification from 
BL21 (DE3) cells. M = Molecular weight marker (Invitrogen); 
Sup = cleared cell lysate; FL = flow-through after passing through 
Ni-NTA column; W1 and W2, washes; E, elutes; c Western blot of 
purified nspl5 with mouse anti-His mAh and detected with goat 
anti-mouse IgG-HRP. Arrows indicate the nspl5. 


RNA Zymography 

10% SDS-PAGE gel was cast to contain 0.1 mg/ml yeast RNA. 
nspl5 (0.1 p,g) was dissolved in IX SDS loading buffer with or 
without (3-mercaptoethanol ((3-ME) and denatured at 95° for 
5 min. SDS-PAGE was carried out at 160 V for 45 min. After elec¬ 
trophoresis, gels were incubated in a clean plastic tray and washed 
quickly with distilled water three times. The gel was then incu¬ 
bated for 30 min at room temperature with 40 ml of 25% isopro¬ 
panol in 20 mM Tris-HCl, pH 7.5. This incubation was repeated 
once. The gel was then rinsed in distilled water three times and 
incubated in 40 ml reaction buffer (20 mM Tris-HCl, pH 7.5, 150 
mM NaCl) overnight at room temperature. The gel was finally in¬ 
cubated in water containing 0.1 |Jig/ml ethidium bromide for 10 
min to view the digested RNA. 

Substrates for nspl5 

Total cellular RNA was isolated from baby hamster kid¬ 
ney (BHK) cells with RNApure agent (GenHunter, Nashville, 
Tenn., USA) and was used at 5 pig per reaction. Primer N102F 
(AGTAGAGGCGGA AGA A A ACC AGT C) served as ssDNA sub¬ 
strate. dsDNA was a PCR product of TCoV cDNA amplified with 
N102F and N102R (ACGCCCATCCTTAATACCTTCCTC) 
primers. Synthetic RNA substrates were from Dharmacon or 
made in vitro using T7 RNA polymerase (Promega). The sequenc¬ 
es of the RNA substrates are listed in table 1. Hairpin RNA and 
pRNA were kindly provided by Dr. Peixuan Guo (Department of 
Comparative Pathobiology, Purdue University). 


Results 

TCoV nspl5 Protein Expression and Purification 

TCoV nspl5 was amplified from cDNA of the TCoV 
540 isolate and cloned into the pTriEX vector. The de¬ 
duced amino acid sequence of the TCoV nspl5 is shown 
in figure la in alignment with nspl5s from other corona- 
viruses. From the alignment, it was found that important 
residues associated with nspl5 activity are conserved 
among the nspl5 polypeptides. To express the recombi¬ 
nant TCoV nspl5, plasmid pTrinspl5 was transformed 
into BL21 (DE3) cells. A typical expression pattern of 
TCoV nspl5 in BL21 (DE3) is shown in figure lb. After 
3 h of induction with IPTG, there was no obvious nspl5 
expression (fig. lb). After purification through Ni-NTA 
resin, a single band around 43 kDa was seen on SDS- 
PAGE. Western blotting with mouse anti-His mAh re¬ 
vealed that this band was His-tagged and was thus the 
expected fusion nspl5. We used this purified nspl5 for all 
other experiments. 

RNase Activity of TCoV nspl5 

Figure 2a shows that total RNA from BHK cells was 
rapidly degraded by nspl5. The degraded RNA formed 
smears, and as incubation time progressed, the degrad- 
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Total cellular RNA 


-nsp15 

+nsp15 

0° 

37° 

37° 

60 

60 

15 30 45 60 



Fig. 2. TCoV nspl5 activity toward total RNA and DNA. a Cleavage of cellular total RNA with TCoV nspl5 at 
37° for increasing amounts of time, b Cleavage of dsDNA (left) and ssDNA (right) by TCoV nspl5 at 37° with 
different periods of incubation. 


Poly(A) Poly(U) 


-nsp15 +nsp15 -nsp15 +nsp15 


(CCAAGG) 4 cagcagUUcagcag 


-nsp15 +nsp15 -nsp15 +nsp15 



Fig. 3. Substrate specificity of TCoV nspl5. Synthetic ssRNA oligo 
poly(A) 50 , poly(U) 50 , (CCAAGG) 4 , and cagcagUUcagcag were 
incubated in the presence or absence of purified TCoV nspl5 for 
30 min at 37° and then separated on denaturing PAGE. 


ed RNA became smaller and smaller, indicating that the 
total RNA was randomly degraded by nspl5. However, 
nspl5 did not degrade either ssDNA or dsDNA (fig. 2b), 
supporting characterization of nspl5 as a ribonucle- 
ase. 

Substrate Specificity of TCoV nspl5 

Figure 3 shows that TCoV nspl5 quickly degraded 
poly(U) 50 but did not degrade poly(A) 50 . Figure 3 also 
shows that nspl5 did not degrade ssRNA oligo TJ1 which 
contained no U in the sequence. However, nspl5 degrad¬ 


ed TJ2, which contained UU in the middle of the se¬ 
quence. Collectively, these data clearly demonstrated that 
nspl5 cleaves U-containing ssRNA with poly(U) as the 
preferable substrate. 

TCoV nspl5 Cleavage of dsRNA 

Figure 4a shows degradation of hairpin RNA by nspl5. 
The hairpin RNA had a dsRNA region of 29-nt and a loop 
of 8-nt in the middle of the sequence and extra 3-nt at the 
3' end. There were 14 potential cuts for nspl5 within the 
dsRNA region and two potential cuts within the loop re¬ 
gion. When the reaction was incubated at 4° for 12 h, 
there was almost no degradation of the RNA. When the 
incubation temperature was increased to 25°, two de¬ 
graded bands appeared, indicating some degradation. 
The band sizes suggested that the RNA was cut at the loop 
region to generate dsRNA that separated into two differ¬ 
ent-sized ssRNA bands on the gel. When the incubation 
temperature was increased to 37°, the degradation rate 
increased greatly. Within 30 min, the input RNA was de¬ 
graded and two product bands appeared. After 60 min, 
there was only one band detected. Two hours later, 
the band was weak and a smear appeared, suggesting 
the RNA was cleaved at the loop region containing the 
unpaired U. Although there were several Us within the 
dsRNA region, cleavage at these positions seemed un¬ 
likely. 

When pRNA containing several dsRNA and loop re¬ 
gions was used as a substrate, nspl5 cleaved pRNA slow¬ 
ly and at specific positions to give a fixed pattern on the 
gel from 15 to 60 min of incubation (fig. 4b). Figure 4c 
shows degradation of IBDV dsRNA by TCoV nspl5. Af- 
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4° 25° 37° 

12 h 12 h 2 h 0.5 h 1 h 2 h 


+ — + — + + + (nspl 5) 



10 20 30 

-| GAA 

GGAUUCCAAUUCAGCGGGAGCCACCUGAU G 
CCUAAGGUUGAGUCGCUCUCGGUGGGCUA C 
UUA A GUU 

a 60 50 40 


Fig. 4. a Cleavage of hairpin RNA by TCoV 
nspl5. Hairpin RNA was incubated with 
purified nspl5 for different times at differ¬ 
ent temperatures and then separated on 
denaturing PAGE, b Cleavage of pRNA by 
TCoV nspl5. pRNA was incubated with 
purified nspl5 for different amount of 
time at 37° and separated on denaturing 
PAGE. The arrows indicate the degraded 
products. The lower panel displays the se¬ 
quence and predicted 2° structure of the 
pRNA. 


Table 1 . Oligos used for RNA substrate 
synthesis 


-nsp15 
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5 UCAA U GGUA CG GUACUU 1721 UUGUCAUG U GUAUgHjGGG3^CUGA U U 
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yAGUU UCAU CG CGUGAA AACGGUAC CAUAC ACCC—GACUuq 


A 


U 
U 
U 

U*G 
A U 
A U 
C G 
U A 
G»U 
U U 

u g g 



Oligo 

Sequence (5' to 3') of DNA 

Sequence of RNA (5' to 3') 

PolyU50 

PolyA50 

TJ1 

TJ2 

a 50 c taa TAG tga gtc gta tta 
t 50 c taa tag tga gtc gta tta 

5' AGU 50 

5' AGAjo 

(CCAAGG)4 

CAGCAGUUCAGCAG 
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Fig. 4. c Cleavage ofIBDV genomic dsRNA byTCoV nspl5. IBDV 
genomic dsRNA was isolated from infected bursa (see Materials 
and Methods) and incubated with 100 ng TCoV nspl5 at 37° for 
the indicated time. RNA was separated on 1.2% agarose gel and 
undigested RNA was measured by densitometry (displayed in the 
lower figure). More than 60% of input RNA remained undigested 
after 3 h of incubation. 


IBDV dsRNA 

0 2 3 (h) 



+nsp15 


0 0 15 10 (mM) 



Fig. 5. a Effect of Mn 2+ on activity of nspl5. nspl5 was incubated 
with different concentrations of Mn 2+ for 10 min on ice and then 
RNA was added and reaction was incubated for 60 min at 37°. 
b Effect of divalent metal ions on nspl5 activity. nspl5 was incu¬ 
bated with 5 mM of different ions for 10 min on ice and then RNA 
was added and reaction was incubated for 60 min at 37°. c Effect 
of preincubation of nspl5 with EDTA on nspl5 activity. Purified 
TCoV nspl5 was incubated with 0, 1, 5, and 50 mM EDTA for 10 
min on ice and then RNA substrate was added and the reaction 
was incubated for 30 min at 37°. 


ter 3 h incubation, more than 60% of the input RNA re¬ 
mained undigested, indicating that dsRNA was not a 
good substrate for nspl5. All of these results suggest that 
nspl5 cleaves the loop regions within dsRNA, but cleav¬ 
age in double-stranded regions is unlikely. 

Requirement of Metal Ions for TCoV nspl5 Activity 

Figure 5a shows that in the absence of added Mn 2+ , 
nspl5 cleaves ssRNA as quickly as in its presence, raising 
the question of whether divalent metal ions are required 


+nsp15 


0 0 Mg 2+ Zn 2+ Cu 2+ Co 2+ 



+nsp15 


0 0 1 5 50 (mM EDTA) 



for nspl5 RNase activity Figure 5b showed that several 
other divalent ions (Cu 2+ , Zn 2+ , Co 2+ , Mg 2+ ) also did not 
affect the RNase activity of nspl5. To further examine the 
role of divalent metal ions in nspl5 activity, nspl5 was 
preincubated with different concentrations of EDTA, a 
chelating agent for divalent metal ions, to determine 
whether the EDTA could inhibit nspl5 activity by chelat¬ 
ing the divalent ions. Figure 5c indicates that degradation 
of ssRNA by nspl5 is not inhibited by preincubation of 
the nsp!5 with the EDTA up to 50 mM. Rather, higher 
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Fig. 6. Zymography for TCoV nspl5. Purified TCoV nspl5 was 
incubated for 5 min in the presence (+) or absence (-) of 5% P-ME 
at 95° and then separated on 10% SDS-PAGE containing 0.1 mg/ 
ml of yeast RNA. A band around 250 kDa was visualized in the 
absence of P-ME, corresponding to the size of a hexamer. See Ma¬ 
terials and Methods for detailed procedure. 


EDTA concentrations seemed to increase the rate of RNA 
cleavage by TCoV nspl5. 

Active Form of TCoV nspl5 

Because TCoV nspl5 displayed different forms on 
SDS-PAGE in the absence of p-ME (data not shown), we 
explored which form(s) has the RNase activity. Figure 6 
shows the results of RNA zymography. When nspl5 was 
incubated in the absence of p-ME, only one band was vi¬ 
sualized on zymography. The size of the band was around 
250 kDa, corresponding to the size of a hexamer. How¬ 
ever, there was no RNase activity when nspl5 was incu¬ 
bated in the presence of p-ME. These data strongly sug¬ 
gest that the only form that shows detectable RNase activ¬ 
ity in vitro is a homohexamer, and both intra- or 
intermolecular disulfide bonds are necessary for the 
RNase activity of nspl5. 

Discussion 

Coronavirus polyprotein is a large protein that is pro¬ 
cessed into 15-16 functional nsps. The biological rele¬ 
vance of these nsps is not clear, but they are believed to 
be involved in RNA genome replication and transcrip¬ 


tion. We predicted that there are 8 enzyme domains with¬ 
in the polyprotein lab of TCoV, including 3-CLpro, PLP, 
RdRp, and helicase [20]. Within coronavirus, the in vitro 
activities of the other four enzymes were recently report¬ 
ed. SARS-CoV nspl4 showed 3' to 5' exoribonuclease ac¬ 
tivity [21], and a single mutation Tyr6398His in mouse 
hepatitis virus MH V-A59 nspl4 resulted in attenuated vi¬ 
rus pathogenesis in mice [22]. HCoV-229E ADP-ribose- 
l'-monophosphate (Appr-l'-p) processing enzyme was 
demonstrated to dephosphorylate Appr-l'-p [23]. The 
most extensively investigated enzyme was NendoU, 
whose in vitro activity was demonstrated in SARS-CoV 
[10, 24], HCoV-229E [11], MHV [12], and EAV [13]. 

The TCoV nspl5 shares very high sequence identity 
with those of other coronavirus NendoUs (fig. la), and 
the predicted key residues associated with enzymatic ac¬ 
tivity are conserved. Using bacterial-expressed recombi¬ 
nant nspl5, we clearly demonstrated that the TCoV nspl5 
is a NendoU. First, the TCoV nspl5 cleaved total cellular 
RNA randomly but did not cleave ssDNA or dsDNA, 
demonstrating that TCoV nspl5 is an RNase. Second, the 
TCoV nspl5 did not cleave single-stranded poly(A) RNA 
or the synthetic ssRNA TJ1 that did not contain any U 
within the sequence. Third, the TCoV nspl5 cleaved 
poly(U) and U-containing ssRNA TJ2 efficiently. This 
evidences strongly supports our hypothesis that TCoV 
nspl5 is an endoribonuclease that preferentially cleaves 
U-containing RNA and is thus a NendoU. 

While nspl5 from SARS-CoV, MHV, and HCoV-229E 
cleaved dsRNA as efficiently as ssRNA, nspl5 of TCoV 
did not (fig. 4). With respect to dsRNA of IBDV, hairpin 
RNA, and pRNA, TCoV nspl5 cleaved these dsRNA mol¬ 
ecules very slowly. In particular, TCoV nspl5 cleavage of 
pRNA yielded a fixed pattern on the gel, suggesting that 
TCoV nspl5 did not cleave randomly, but at specific sites. 
The same was true for hairpin RNA. There was no smear 
on the gel as compared with smears for total cellular RNA 
(fig. 2). Whether or not this difference in cleaving dsRNA 
between nspl5 of TCoV and other coronaviruses has 
some biological significance require more detailed inves¬ 
tigation. 

The TCoV nspl5 did not require Mn 2+ or any other 
divalent metal ions for its enzymatic activity (fig. 6), a 
characteristic of XendoU and NendoU in SARS-CoV and 
HCoV-229E. Preincubation of the TCoV nspl5 with in¬ 
creasing concentrations of EDTA slightly increased 
its activity (fig. 5c). This observation was in contrast to 
NendoU of SARS-CoV, HCoV-229E, MHV, and EAV [10, 
13, 25]. Whether this difference is rudimental or has bio¬ 
logical relevance is not yet clear. Because TCoV is a group 
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3 coronavirus, and nspl5 of TCoV and IBV share over 
90% sequence similarity, it is worth determining whether 
or not IBV nspl5 requires Mn 2+ as a cofactor. Recent 
studies on the crystal structures of NendoU of SARS- 
CoV and MHV failed to demonstrate coordinating pack¬ 
age of Mn 2+ within the crystal [12]. One possibility is that 
Mn 2+ enhances affinity between nspl5 and the RNA 
molecule. Recent data from SARS-CoV showing that 
Mn 2+ increased interaction between a SARS nspl5 mu¬ 
tant protein, H234A, and a synthetic RNA, rU16 [24], are 
consistent with our hypothesis. 

RNA zymography demonstrated that the active form 
of the TCoV nspl5 is a hexamer. This was consistent with 
results obtained for SARS and MHV NendoU [12, 14]. 
Our data also revealed for the first time that disulfide 
bonds are involved in the formation of a trimer or hex¬ 
amer and are essential for the enzymatic activity of the 
TCoV nspl5 (fig. 6). The monomer or trimer showed no 
RNase activity. Intramolecular disulfide bonds within 
the TCoV nspl5 were observed. The hexamer form of 
NendoU was demonstrated in SARS and MHV NendoU 
[12, 14]. Recent crystal structure analysis revealed that 
the hexamer of NendoU of SARS-CoV and MHV was 
formed by two trimers through back-to-back interactions 
[12, 16]. Our zymography results about the TCoV nspl5 
as well as data from other NendoU indicate the in vitro 


active form of the NendoU is a homohexamer; whether 
this is the case in vivo requires further investigation. 

The biological function of NendoU is still a mystery. 
Using reverse genetics, a point mutation in HCoV-229E 
NendoU resulted in a lack of viral genome replication and 
transcription [11]. However, no rescue experiment was 
performed to demonstrate that it was the RNase activity 
of the enzyme which caused the failure in genome repli¬ 
cation and transcription. In EAV, extensive site-directed 
mutagenesis experiments revealed that the loss of the 
whole NendoU was lethal for the virus, while point muta¬ 
tions of the enzyme mostly affected the production of 
sgRNA [13]. Considering that the coronavirus genome is 
ssRNA, having two RNases (nspl4 and nspl5) in the ge¬ 
nome seems peculiar for the virus. For the RNases to ex¬ 
ert their functions but not degrade viral genomic RNA 
and sgRNA, the activity and specificity of the RNases 
must be under tight control. Therefore, it is expected that 
viral or cellular proteins play roles in regulating NendoU 
activity and specificity. 

In conclusion, we have demonstrated that nspl5 of 
TCoV is a novel NendoU which only cleaves U-contain- 
ing ssRNA in the absence of Mn 2+ . The in vitro active 
form of TCoV nspl5 is a hexamer, and disulfide bonds are 
necessary for hexamer formation and enzyme activity. 
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